We have constructed deletion and point mutations within the Simian virus 40 (SV40) early promoter region which contains two tandemly repeated 21 bp sequences and a related 22 bp sequence (the "upstream" 21 bp repeat region). After transfection into permissive CV-1 cells and non-permissive mouse 3T3-4E cells, the effect of the mutations on early gene expression was studied by measuring T-antigen production, using indirect immunofluoresence. Our results demonstrate that the 21 bp repeat region, and in particular the six GC-rich motifs 5'-CCGCCC-3' which are repeated in this region constitute an important element of the SV40 early promoter. Surprisingly, we found that the requirement for the 21 bp repeat region for early gene expression was partially fulfilled even when it was in the inverted orientation. 
INTRODUCTION
Simian virus 40 (SV40) provides a relatively simple experimental model to investigate some of the basic mechanisms involved in regulation of gene expression in eukaryotes. A region of about 420 bp extending from the Hindlll site at position 5171 (BBB numbering system, see in Ref. 1) to the Hpall site at position 346 contains, in addition to the replication origin, all of the control elements required for transcription of the early and late genes (see Fig. 2 ). Several laboratories, including ours, have attempted to define the sequence elements which constitute the early promoter. We use here the term "early promoter" to define all of the sequence elements required for efficient transcription of the SV40 early genes.
Early in infection the major initiation sites ("early-early" capsites) of the mRNAs coding for the large T and small t antigens have their 5'-ends at nucleotides 5230-5233 and 5235-5237, whereas late 1nJ.nfec.tion transcription of the early genes is also initiated from capsites ("late-early" capsites) located further upstream at approximately nucleotides 21-22, 28-30 and 32-35 (2-4; B. Wasylyk, personal communication; see Fig. 2 ). Previous in vitro and in vivo studies have revealed that the promoter sequences which control initiation of transcription from the "early-early" capsites include several distinct functional elements. The TATA box region has been shown both in vivo (5, 6) and in vitro (7) to direct the transcription machinery to initiate at these capsites. It is dispensable, since efficient transcription still occurs in its absence, but from multiple and disperse capsites (5, 6, 7) . In contrast, the 72 bp repeat which is located between about 110 and 250 bp upstream from the "early-early" capsites is indispensable for early gene expression in vivo (5, 8, 9) , whereas initiation of transcription can still be observed in vitro in its absence (7) . Benoist and Chambon (5), using progressive deletions extending upstream from the "early-early" capsites, observed that T-antigen expression fell dramatically as the region located between the TATA box and the 72 bp repeat was deleted. Their results suggested that the 21 bp repeat region, which extends from nucleotides 40 to 104 and contains two perfect tandemly repeated sequences of 21 bp and a related 22 bp sequence (see Fig. 2 ), constitutes a third important element of the early promoter.
To investigate the function of the 21 bp repeat region in more detail, we have constructed a series of deletion and point mutations located in this region of the early promoter. To study how these mutations affect early gene expression, they were introduced into chimeric "pBR322-SV40 early region" recombinants. These recombinants were then transfected into monkey CV-1 or mouse 3T3-4E cells and T-antigen production was assayed in short-term experiments by indirect immunofluorescence. Our results demonstrate that the GCrich repeated motifs 5'-CCGCCC-3' {see Fig. 2 ) present in the 21 bp repeat region constitute important components of the SV40 early promoter.
MATERIALS AND METHODS

Bacteria, phage, piaswids and cells
The bacterial host strains used were E.coli C600 r~nr, E.coli HB101 and the M13 host E.coli JM103 (10) . The M13 cloning and sequencing vector M13 tg.103 was constructed and supplied by Transgene, Strasbourg (see Ref. 11) . Plasmids pSVl, pAS, pRE3, pRE4, pRE7 and pHS102 have been described earlier (5, 12) . pSVl contains the Hpall-BamHI early region of SV40 (Fig. 1) inserted into the EcoRI site of pBR322; pAS and pHS102 (5, Fig. 1 ) are deletion mutants of pSVl which have lost bases 5236 to 1 and bases 5228 to 112, respectively. pRE3 (12) is a tetracyclin and ampicillin resistant pBR322 which has lost the BamHI site and has been used for the construction of all other plasmids described in this paper. pRE4 (12; Figs. 1 and 2 ) contains Hindi site of pRE4; pRE7BS has a small deletion at the SV40 Bgll site of pP.c.7 (12) . The eukaryotic cells used were CV-1 monkey cells which are permissive for SV40 replication and non-permissive mouse 3T3-4E fibroblasts. screened for those without a BamHI site but with an inserted EcoRI-Bgil fragment. The succesful transfer of the mutant fragment was ascertained by the absence of the BamHI site, the fact that the mutant fragment is slightly smaller than that in pRE7 (because of the removal of the BamHI linker of pRE7) and, in certain cases, by the presence of an extra Hindi site at position 34. In some mutants the Fok-I site at position 84 had been lost. The absence of this site in the corresponding mutant plasmids was used as further confirmation that the mutant fragment had been incorporated.
Construction of recorabinant piasmids
3.
DNA Sequencing
The DNA sequence of the pMKD series plasmids, pMD102 and pRE254 were determined by dideoxy chain termination sequencing in the early promoter region after cloning of their EcoRI-Hindlll fragments into M13.tg.103 (14) . Point-mutants of the pSVA and pSVB series were also sequenced by the dideoxy method, while their promoter fragments were in the original M13 vector. In these cases the dideoxy A and G terminated reactions were performed, so as to detect all those base changes which occured in the 21 bp repeat region, but also to ensure that no mutations were visible outside this region, from base 10 through to about base 260, i.e. the upstream end of the 72 bp repeats. Sequencing was performed using either the 12 bp "universal" M13 primer (Collaborative Research) or the 36 bp Bgll-HincII fragment isolated from pRE4 (Fig. 1 ).
4.
Indirect immunofluorescence Large T-antigen production in CV-1 or mouse 3T3-4E cells was monitored by indirect immunofluorescence following transfection using DEAE-Dextran as described by Benoist and Chambon (5) and Moreau et al. (12) .
Enzymes
Restriction and other enzymes were obtained from commercial suppliers and used according to their instructions.
RESULTS
Deletions within the 21 bp repeat region reduce early gene expression
To construct a series of deletion mutants within the 21 bp repeat region we took advantage of the BamHI site in pHS102 (5, 12; Figs. 1 and 2) located at the downstream end of the 72 bp repeated sequences. Initially, this BamHI site was fused with that of pRE7, resulting in the deletion of bases 35-112 containing the 21 bp repeat region, to give plasmid pMD102 ( Figs. 1 and 2 ). Subsequently, deletions were made extending variable distances downstream of the Kpnl site of pRE4 ( Fig. 1) When the deletion mutant pMD102, which has lost all six of the GC-rich We then used the pMKD deletion mutants (Fig. 2) in an attempt to identify^ the promoter sequence(s) containedjin the 21_bp repeat region. It should be noted that these mutants contain the OT transitions present in pRE4 (see Material and Methods, Fig. 2 and below) and that the T-antigen expression of pRE4 is about 65% of pSVl (Table 2) . It is clear from the results shown in Table 1 that, rather than an unique functional sequence, the whole region provides some proportion of the expression level, whereas deletion of the 8 bp upstream to the 21 bp repeat region (pMKD231) did not affect T-antigen expression. Thus pMKD52 and pMKD259, which do not contain an intact 21 bp sequence (but contain 2 intact or nearly intact GC-rich motifs) give a significantly higher level of expression than pMD102, while pMKD245 which contains an additional GC-rich motif, gives a further increase in expression (Table 1, Figs. 1 and 3) . Therefore it appears that the important functional unit is not the repeated 21 bp sequence, since the level of expression is substantially increased even in the absence of such an intact sequence. Rather, the results suggest that the expression level in this family of deletion mutants is related to the number of GC-rich motifs that are present.
The above results could be explained by a defect in replication of the pMD102 and pMKD plasmids in CV-1 cells, indirectly leading to a decrease in expression. Indeed, it has been shown that the 21 bp repeat region, although outside the minimum replication region, can increase the level of replication apparently in proportion to the number of 21 bp repeat sequences present (15) . It has also been shown that initiation points for leading strand DNA synthesis are found in the 21 bp repeat region (16) . We have previously argued that any possible replication has little or no effect on the in vivo expression level of these types of pBR322-SV40 early region recorabinants when transfected in CV-1 cells (12) . To further support this conclusion, two approches were followed. Firstly, a small deletion was created at the Bgll site of pMD102 to obtain pMD102BS in which the SV40 origin of replication is destroyed. This was achieved by cutting pMD102 with Bgll, SI nuclease treatment and recircularization with ligase (17) . As shown in Table 1 , T-antigen expression is identical in pMD102BS and in pMD102; similarly, as previously reported (5, 12) , destruction of the SV40 Bgll site of the wild type pSVl plasmid did not decrease T-antigen production (compare pAS and pSVl, Table 1 ). Secondly, a selection of the plasmids described in this paper were assayed for/ in vivo expression in mouse 3T3-4E cells which are not permissive for SV4O replication. The results (Table 1) show the same general pattern as that obtained in the permissive monkey cells. We conclude that the variations in T-antigen expression that we observed with the above plasmids are not related to differences in their ability to replicate in CV-1 cells.
2) C to T transitions 1n the 21 bp repeat region reduce T-ant1gen expression
To investigate in more detail the nature of the sequences which are required to achieve full in vivo expression, we constructed a number of multiple point mutants within the 21 bp repeat region. The method has been described in full elsewhere (11). Briefly, heteroduplexes were constructed between single-stranded viral DNA of an M13 recombinant virus carrying the SV40 early promoter (EcoRI-Hindlll fragment of pSVl, Fig. 1 ) and the doublestranded BamHI cut replicative form of analogous M13 strains carrying the deletion of pMD102 or pMKD52 (Figs. 1 and 2) . The heteroduplexes were treated with sodium bisulphite which deaminates cytosine residues, but only in single-stranded DNA, and therefore the mutations were limited to the single-stranded gaps in the heteroduplexes, that is the 21 bp repeat region corresponding to the deletions in pMD102 (pSVA series) or pMKD52 (pSVB series). The mutations were identified by DNA sequence analysis (see Fig. 3 for selected piasmids with 1 to 17 point mutations) and EcoRI-Bgll fragments from the mutant M13 replicative forms exchanged with that of pRE7 (Figs. 1 and 2) to give recombinant plasmids which, apart from their mutations in the 21-bp-repeat-r-egion.-wer-e-identical-to-the-Vi-ld-type" pSVl. These-plasmldsretained between zero and 6 GC-rich repeated sequences in a "wild-type" state (defined as the minimal sequence 5'-CCGCCC-3'); the sequence of pSVl and the position of the point mutations in these plasmids are shown in Fig. 3 The expression of T-antigen from point mutant plasmids as measured by indirect immunof1uorescence. The number of mutations present in each plasmid is given in the second column (see Fig. 3 ), and the number of intact 5'-CCGCCC-3' motifs in the third. Expression values are as explained in the legend to Table 1. The plasmids were transfected into CV-1 cells and mouse 3T3-4E cells. T-antigen production was monitored by immunof1uorescence. Table 2 and Fig. 3 show that when mutagenesis had been relatively heavy, such that the promoter contained mutations within all of the GC-rich motifs (pSVA25 and pSVA29), the level of expression was similar to that of pMD102, where all of them had been deleted. This provides further evidence that these sequences are important for full T-antigen expression and eliminates the possibility that the reduced expression with the deletion mutants is due to change of distance between the 72 bp repeat and the TATA-box region. This conclusion is supported by a comparison of the T-antigen expression of pMD102 and pMD10228 in which a 96 bp segment has been inserted in the BamHI site of pMD102 to replace the deleted 77 bp sequence ( Fig. 2 and Table 1 ).
When only one GC-rich sequence remained intact (pSVA18), the expression was also reduced about 10-fold. However, when two or more intact GC-rich motifs remained, the level of expression steadily increased (with two exceptions discussed below). Thus pSVA19 and pSVA61 had 11 and 6 mutations respectively, both leaving two GC-rich motifs intact and both giving about 40% expression ( Table 2 ). The expression level of pSVA81 and pSVB24, with 3 groups intact, was not significantly different from pSVA61 and pSVA19 with two groups intact. However, pSVA55 and pRE4, both containing 2 mutations leaving 5 groups intact (Fig. 3) , gave a further increase in expression to about 65% but, interestingly, did not show the full expression of pSVl ( Table 2 ). The reduced expression of pRE4, which contains a OT transition in the most downstream GC-rich motif, has been reported before (12) . However, pSVA55 is mutated in another GC-rich sequence at positions 74 and 75. Plasmid pSVA43, which contains only one mutation that does not affect a 5'-CCGCCC-3' motif, gave a level of expression indistinguisable from pSVl ( Table 2 ).
3) The 21 repeat region is active irrespective of its orientation.
We have shown above that the 21 bp repeat region constitutes an additional upstream component of the SV40 early promoter the activity of which appears to depend on the presence of the highly assymmetric GC-rich motifs. The striking feature of this region is that 68? of the base pairs are GC, but 42 out of 52 C residues are on the early non-coding strand. An interesting question is whether the 21 bp repeat region would be active if these Cresidues were present in the other strand. We constructed a plasmid (pRE254) which contains the 21 bp repeat region in inverse orientation by isolating the BamHl-HincII fragment from pMKD231 ( Fig. 2) and ligating it to BamHI-cut pMD102, first by the cohesive BamHI termini and subsequently, after treatment with DNA polymerase I, by the blunt termini. The inversion in pRE254 was detected by the incorporation of a fragment of the expected size having a BamHI site at the downstream end, that is the opposite to that in pMD231 (Fig. 2) . Surprisingly, the in vivo expression of pRE254 after transfection into CV-1 cells was only moderately decreased in comparison with pSVl and very substantially increased from that of pMD102 (Table 1) . Thus, the 21 bp repeat region promoter element resembles the nearby 72 bp repeat enhancer element in that its activity is independant of its orientation (see Discussion). In this report we describe the effects of deletions and point mutations in the SV40 21 bp repeat region on large T-antigen expression in vivo. We have used indirect immunofluorescence as an assay for large T production. The justification that this method provides a realistic estimate of gene expression in vivo has been fully discussed by Moreau et al. (12) . Furthermore, recent work has shown that quantisation by immunofluorescence gives similar results to direct measurement of RNA levels by quantitative SI nuclease mapping after short-term transfection experiments (18, 19, 20) Preliminary quantitative SI nuclease mapping experiments using the plasmids described in this paper give results in agreement with those obtained here by immunofluorescence (our unpublished results). Therefore it is likely that the present results give a true indication of the SV40 early promoter activity in vivo, with the proviso that the reductions in expression observed with the mutants constitute a minimum estimate of the decrease in promoter activity, since the T-antigen produced can repress its own expression in these plasmids (see Ref. 1 for references) . Thus, when less T-antigen is produced, the repression will also be reduced, allowing the promoter to work at a higher level than if T-antigen were present in amounts comparable to those obtained from the wild-type pSVl plasmid.
In agreement with the previous results of Benoist and Chambon (5) and also with two recent studies from Fromm and Berg (21) and Byrne et al. (22) , our results implicate the 21 bp repeat region as an important component of the SV40 early promoter. Deletion of the whole region in pMD102 resulted in an 8-10 fold reduction in expression (Table 1 ). This reduction was not due to an effect on possible replication of the plasmid in vivo, since similar results were obtained in non-permissive mouse cells and no difference was observed when the replication origins of pMD102 and pSVl were destroyed (pMD102BS and pAS, respectively, in Table 1 ). Neither was the decreased expression due to a reduction in distance between the 72 bp repeat and the TATA box region, since extensive point mutagenesis gave the same reduction in expression as complete deletion (compare pMD102 and pSVA29, Tables 1 and 2 ). In addition, the mutant pMD10228, which has the 77 bp segment deleted in pMD102 replaced by an unrelated 96 bp fragment gave identical expression levels to that of pMD102 (Table 1) . Therefore the reduced expression is due to the loss of the 21 bp repeat region itself, leading to decreased promoter activity. Less extensive deletions in this region also caused a reduction in expression, but the results did not correlate with a single complete 21 bp sequence being the functional unit. There was a gradual decrease in expression observed with increasingly extensive deletions, which indicates that the integrity of the whole region is necessary for full expression. The expression levels observed with the deletion mutants appears to be correlated with the number of Intact GC-rich motifs (5'-CCGCCC-3', minimum homology) present in this region.
The above conclusion is supported by the results obtained with the point mutants. All six of the GC-rich sequences were required for full expression. From the comparison of T-antigen expression with mutants pRE4, pSVA43, pSVA55, pSVA81 and pSVA61, it appears that a single C+T transition in any one of the six 5'-CCGCCC-3" motifs is sufficient to impair its apparent promoter function (Fig. 3 and Table 2 ). Two mutants showed a lower expression level than would be expected if there were a linear correlation between promoter activity and the number of intact GC-rich motifs present. pSVA71 retains two intact motifs, but its expression is depressed to a level expected of more extensive mutants; pSVA62 which contains only 4 mutations and retains 4 intact GC-rich motifs, also expressed T-antigen at a very low level. We have no explanation of these observations, but they may indicate that the GC-rich motifs could act cooperatively and that some of them could be more important than others for promoter function. Further site-directed mutagenesis aimed at generating various combinations of point mutations within the GC-rich motifs are in progress to solve this problem. In any case, the unequivocable finding of the present point-mutation analysis is that the whole 21 bp repeat region contributes to full early gene expression.
As mentioned in the Introduction, it has been recently found that, while early in infection RNA chains are initiated mainly from the capsites ("early-early" capsites) located downstream from the TATA box, late in infection RNA molecules transcribed from the early strand can also be initiated from capsites ("late-early" capsites) located upstream from the TATA box (3, 4) . Our present results based on T-antigen expression cannot indicate whether mutations within the 21 bp repeat region differentially affect the two sets of transcripts. However, preliminary quantitative quantitative SI nuclease mapping experiments have shown that when the 21 bp repeat region is totally deleted (mutant pMD102), both sets of RNAs are greatly reduced, suggesting that this region contains elements affecting both the "early-early" and "late-early" transcription (our unpublished results). Further studies using point mutations in the various GC-rich motifs are in progress to determine if two overlapping promoters can be operationally defined.
Organization of the SV40 early promoter
We have presented strong evidence that the SV40 early promoter includes sequences (the 21 bp repeat region) located between 50 and 110 bp upstream from the "early-early" capsites. This promoter therefore consists of at least three spatially distinct elements : the TATA box region, the "upstream" element (the 21 bp repeat region) and the 72 bp repeat "enhancer". The TATA box is involved in positioning the "early-early" capsites (see Introduction for refs.). The 72 bp repeat is a cis-acting element which, irrespective of its orientation, potentiates initiation of transcription from TATA box-dependent and -independent "natural" or "substitute" promoter elements (20) . In addition, potential proximal promoter sequences are activated in preference to more distal ones, but in some cases, the enhancing effect is still substantial even when the 72 bp repeat is located at several kb from the activated promoter element (18, 12, 9, 21, 19, 20, 23 could be generated by interaction with a "control" transcription factor or be due to a particular (non-B) DNA structure which could be an intrinsic property of the GC-rich 21 bp repeat (as suggested by the observation that the 21 bp repeat region can operate in the inverse orientation). Alternatively, an intrinsic-or factor-mediated particular DNA structure could lead to the generation of an "active" chromatin structure making the TATA box region more accessible. That transcription factors can functionally interact with "upstream" elements is suggested by the observation that the silk worm fibroin gene promoter can be preferentially activated during in vitro transcription by species-specific extracts and that this activation is dependent on the presence of "upstream" sequences (48) . Evidence that interactions could also occur in vivo between sequences located within 100 bp upstream of the capsite (but distinct from the TATA box) and transcription regulatory factors is suggested by the observations made with the mouse metallothionine gene (37) and the Drosophila heat shock hsp70 gene (38, 39). In any case, if the SV40 GC-rich "upstream" element operates through one of the above mechanisms, its effect, although necessary, is clearly not sufficient to promote efficient transcription in the absence of the 72 bp repeat. In this respect, it is similar to the "upstream" sequence of some other cellular (18, 23, 49) or viral (19) promoters, which are very inefficient, unless activated by an enhancer element. Whether all of these "upstream" sequences contribute through similar mechanisms to promoter function remains to be established.
